analysis and multidimensional scaling, seek to uncover meaningful patterns within 31 datasets by considering multiple response variables in a concerted fashion. Although 32 these techniques are readily used by ecologists to visualize and explain differences 33 between study sites, they could theoretically be employed to differentiate organisms 34 within an experimental framework while simultaneously identifying response variables 35 that drive documented experimental differences. 36
Methods: A meta-analysis employing various MSA was conducted to re-analyze data 37 from two studies that sought to understand the response of the common, Indo-Pacific reef 38
coral Seriatopora hystrix to temperature changes. 39
Results: Gene expression and physiological data partitioned experimental specimens by 40 time of sampling, treatment temperature, and site of origin upon employing MSA. 41
Discussion: These findings 1) signify that S. hystrix and its dinoflagellate endosymbionts 42 display physiological and molecular signatures that are characteristic of sampling time, 43 site of colony origin, and/or temperature regime and 2) promote the utility of MSA for 44 documenting biologically meaningful shifts in the physiological and/or sub-cellular 45 response of marine invertebrates exposed to environmental change. Given these merits, MSA were used to ascertain whether the S. hystrix-Symbiodinium 147 holobiont was truly unresponsive to a short-term exposure to a temperature treatment (TT) 148 hypothesized to elicit stress (sensu Downs et al., 2000) . As a comparison in this meta-analysis, 149 the dataset of the "S. hystrix variable temperature study" (SHVTS), which was also conducted at 150 Taiwan's National Museum of Marine Biology and Aquarium (NMMBA), was re-explored, as 151 corals of this study showed clear physiological and gene expression differences across both TT 152 (stable vs. variable) and site of origin (SO; Mayfield et al., 2012a) . Regarding the latter factor, 153 unlike the SHSTTE, in which all corals were from an upwelling site within Nanwan Bay 154 (Taiwan's southernmost embayment), Houbihu (HBH), half of those corals of the SHVTS were 155 from a non-upwelling site, Houwan (HWN), which abuts NMMBA and is characterized by low 156 coral cover and poor water quality due to coastal agricultural runoff (Liu et al., 2012) . It was 157 predicted that MSA could be used to conclusively demonstrate the lack of a gene expression 158 effect on high temperature samples of the SHSTTE and, similarly, further verify both SO and TT 159 differences in the molecular physiology of samples of the SHVTS. MSA were also employed to 160 define characteristic phenotypes for samples of the SHVTS by identifying molecular 161 physiological (gene expression+physiology) parameters that best separated samples by TT; the 162 response variables underlying such TT-partitioned phenotypes would be those most likely to be 163 involved in the response of this widely distributed coral to temperature changes. Both experimental datasets were considered in an initial MDS analysis performed with 227 PRIMER (ver. 5) in order to both display the composite dataset and visualize inter-experimental 228 variation. In this, and all other MDS analyses, Bray-Curtis similarity matrices were first created 229 after having converted the data to Z-scores to account for the various parameters having different 230 units. Z-score transformations were used for all other MSA, and all data in the supplemental 231 Excel spreadsheet represent Z-scores, and not raw values. After constructing the MDS plot, 232 which featured the 17 molecular-scale response variables only, analysis of similarity (ANOSIM) 233 was conducted with PRIMER to determine the effect of experiment on the composite molecular 234 phenotype (i.e., gene expression+biological composition) of the coral samples. Global R 235 distribution p-values were considered significant at an α of 0.05 based on 999 permutations. Heat 236 maps were created with JMP (ver. 12) to portray the relative levels of the 17 molecular response 237 variables only. Except for MDS, JMP was used for all statistical analyses. 238 239
For the SHSTTE and SHVTS datasets individually, PCA was first used to depict 240 variation in two dimensions, and it was hypothesized that meaningful groupings of samples 241 might be unveiled with this approach alone. Unlike MANOVA, PCA does not generate 242 multivariate means (i.e., centroids) and only gives a visual representation of the dataspace in 243 multiple dimensions. It can also be used to find combinations of response variables that account 244 for a large proportion of the variation within a dataset. PCA was conducted with a variety of 245 different combinations of samples and response variables (Table 2 ) to attempt to find the 246 minimum number of parameters that could visibly partition samples by TT or time in the 247 SHSTTE and by TT or SO in the SHVTS. Next, a DA based on MANOVA and CCA was used 248 to attempt to determine if the experimental sample centroids could be quantitatively separated 249 within the dataspace. When sufficient replicates existed for the comparison of interest, Wilk's 250 lambda values were calculated, and p values < 0.05 were considered to represent significance. 251 When data points were missing for the time x TT interaction groups in the SHSTTE, Roy's max 252 root values were instead calculated. 253 254
For the SHSTTE, discriminations by TT alone, time alone, and the interaction of TT and 255 time were tested (n=17 parameters), and for the SHVTS, discriminations by TT alone, SO alone, 256 and the SO x TT interaction were tested (n=23 parameters). DA was also performed for subsets 257 of response variables in each experiment: molecular parameters only (n=17 parameters), the 258 Symbiodinium molecular response only (n=6-7), the host coral mRNAs only (n=8), the 259 physiological variables only (SHVTS only; n=4), and photosynthesis parameters only (n=3-6; 260 Table 2 ). For both experimental datasets, PRIMER was used to perform MDS using the Bray-261 Curtis similarity matrix on Z-score-transformed data, and ANOSIM was performed to determine 262 time, TT, and time x TT effects in the SHSTTE and SO, TT, and SO x TT effects in the SHVTS. 263 Finally, JMP's "predictor screening" function was used to rank the response variables in terms of 264 their proportional contribution to the cumulative difference between sampling times and TT in 265 the SHSTTE and between SO and TT in the SHVTS; only those parameters contributing to 266 greater than 10% of the cumulative difference are discussed herein. 267 268 Figure 1 . MDS plot and heat maps of the SHSTTE and SHVTS datasets. The MDS analysis 269 (a) was conducted with the 17 molecular response variables only since physiological parameters 270 were not measured in samples of the SHSTTE. *p<0.01. For the SHSTTE (b) and SHVTS (c) 271 heat maps, the relative scale extends from dark blue (very low) to dark red (very high), and "x's" 272 denote missing data. Samples marked by asterisks (*) were excluded from the MDS and most 273 other MSA. Likewise, one sample from each of the HBH-variable (var) and HWN-var groups 274 was excluded from the heat maps themselves due to the respective RNA extractions having 275 failed. Please see the main text for full names of the target genes. 276 H6  H6  H6  C12  C12  C12  H12  H12  H12  C24  C24  C24  H24  H24  H24  C48  C48  C48  H48  H48  H48   C6  C6  C6  H6  H6  H6  C12  C12  C12  H12  H12  H12  C24  C24*  C24*  H24  H24  H24  C48  C48  C48  H48 Prior to assessing variation and uncovering patterns within each of the two experiments, a 283 collective MDS analysis was first conducted with 20 and 19 data points of the SHSTTE and 284 SHVTS, respectively ( Figure 1a) ; briefly 4 and 5 samples, respectively, out of the 24 total in 285 each experiment were excluded from most of the MSA due to missing data. Some such samples 286 are evident from heat maps of the SHSTTE (Figure 1b) and SHVTS (Figure 1c) , and the 287 associated data were generally lacking due to failed nucleic acid extractions. It is clear from the 288 MDS plot and the corresponding ANOSIM p-value (0.002) that samples of the two experiments 289 were well separated when looking at all 17 molecular response variables. It is also apparent that 290 the SHSTTE demonstrated greater overall variation than did the SHVTS. Although there was 291 some overlap, the stable and variable TT samples of the SHVTS were somewhat separated from 292 each other, and those samples sacrificed after 6 hr in the SHSTTE were slightly shifted to the 293 right of the plot (i.e., away from those points of the other three sampling times). Both of these 294 patterns are described in detail below using MSA specific to each dataset. 295 296 SHSTTE-PCA 297 298
PCA (on correlations) was first performed on all 17 molecular response variables across 299 20 of the 24 samples (Figure 2a) , and the first two eigenvectors captured only ~40% of the 300 variation. However, it is clear that those corals sacrificed at the 6-hr sampling time tended to 301 partition away from the others. It was hypothesized that a reduction in the number of parameters 302 could lead to eigenvectors collectively encompassing a greater percentage of the variation in the 303 dataset. When looking only at the seven Symbiodinium parameters (GCP+ 6 mRNAs), the first 304 and second principal components (PC) encompassed ~67% of the variation (Figure 2b ), and the 305 response variable contributing the loading score with the highest positive value in PC1 was the 306 Symbiodinium GCP. The second PC was dominated by the PTGs (excluding rbcL), meaning 307 Symbiodinium density was negatively correlated with PTG expression. PCA of the Symbiodinium 308 response variables only did not appear to be able to partition the data by TT or time (Figure 2b ), 309 and the data of both TT and all four sampling times were inter-mixed (i.e., panmixia). 310 311
When looking at the host coral mRNAs only (Figure 2c ), the first two PC explained a 312 similar percentage of the variation (~65%) as did the first two Symbiodinium PC ( Figure 2b) ; 313 furthermore, as when looking only at the Symbiodinium response variables, samples did not 314 appear well separated by TT or time. However, the 6-hr data appear to be somewhat distinct 315 from the others, with PC1 accounting for this apparent separation. The dominant loading factors 316 for PC1 were two CTGs (ezrin and trp1) and two OTGs (trcc and cplap2). The CTGs co-varied, 317 as evidenced by the similar trajectory of their biplot axes (circled for emphasis in the figure 318 itself), and three of the four CTGs (excluding ezrin) contributed most significantly to PC2 in 319 terms of eigenvector loading scores. 320 321
To determine whether extensive variation within treatments (i.e., a tank effect) accounted, 322 in part, to the failure to document significant partitioning by TT, data were pooled across 323 triplicate tanks within each of the eight TT x time interaction groups (Figure 2d) . However, the 324 first two PC accounted for less than 60% of the variation, and it is clear that the four data points 325 of each TT are essentially mixed with those of the other TT. However, it does seem as if the time 326 6-and 24-hr data are well separated, as was somewhat evident when all data were considered 327 (Figure 2a) . A more quantitative approach was therefore utilized to investigate these temporal 328 changes in the molecular signatures of samples of the SHSTTE. When looking at the interaction of TT and time (Figure 3a ) using data from all 17 344 response variables in a MANOVA/CCA-based DA analysis, Roy's max root was statistically 345 significant, and this is likely due to the wide separation of samples of times 6 and 24 hr along 346 canonical axis (CA) 1. This partitioning was driven by a negative relationship between 347 Symbiodinium pgpase and apx1 mRNA expression (Table 2 ). Within the 6-and 24-hr centroids, 348 the high TT samples were reasonably well separated from the control samples, demonstrating the 349 interaction of TT and time. It should be noted, though, that only one sample comprised the 350 control-24-hr group due to missing data. When looking at discrimination by TT alone ( Figure  351 3b ), it appears that the control and high TT groups were well separated along CA1; however, the 352 Wilk's lambda value was not statistically significant. When looking at temporal discrimination 353 only (Figure 3c ), the 6-hr and 24-hr 95% centroids do not overlap, and are, furthermore, well 354 separated across CA1. However, the Wilk's lambda was not significant, potentially due to the 355 significant degree of overlap between the 12-and 48-hr centroids.
357
When looking at the MDS plot (Figure 3d ), samples were significantly sorted by time 358 (ANOSIM Global R p=0.002), but not by TT. Regarding the former factor, while the 12-and 48-359 hr samples were intermixed, the 6-and 24-hr times appear well separated, as was also evidenced 360 by DA (Figure 3a, c) , and, to some extent, PCA (Figure 2a, c) . PCA, DA, and MDS all appear to 361 suggest, then, that time, and not TT, was more important in accounting for variation in the 362 SHSTTE dataset. Therefore, the predictor screening function of JMP was used to identify the 363 response variables that explained the greatest proportion of the differences between sampling 364 times (Figure 4a ), and these were found to be the protein/DNA ratio (21% of the cumulative 365 difference), Symbiodinium pgpase mRNA expression (14%), and the RNA/DNA ratio (13%). 366 DA (Figure 3a ) also found Symbiodinium pgpase to contribute to the separation of samples by 367 time, specifically by distinguishing those samples of the 24-hr sampling time (Table 2) . 368 369
Regarding TT (Figure 4a ), only three response variables contributed to 10% or more of 370 the documented cumulative difference in the molecular physiology of the control and high 371 temperature samples: host trp1 (17%), Symbiodinium apx1 (14%), and the RNA/DNA ratio 372 (13%). However, the expression of neither gene, nor the RNA/DNA ratio, differed significantly 373 between TT despite the fact that the expression of trp1 was 4-fold less in high temperature 374 samples. When looking at the interaction of time and TT (Figure 4a) , the RNA/DNA ratio and 375 Symbiodinium apx1 were the only factors that contributed to greater than 10% of the total 376 difference between the four time x TT groups (22 and 12%, respectively); neither showed an 377 interaction effect when analyzed by repeated measures ANOVA (p>0.05; Mayfield et al., 2014a). 378 379 SHVTS-PCA 380 381 PCA, DA, and MDS were all able to separate the samples by TT in the SHVTS, and 382 some approaches were able to separate the four TT x SO groups (Table 2 ). First, PCA was able 383 to distinguish a variety of informative groupings (Figure 5a) . When looking at all 23 response 384 variables for data pooled across pseudo-replicates for each of the 12 aquaria, there was a clear 385 separation of the stable and variable TT samples along both PCs. However, the total variation 386 encompassed by these two PCs was less than 55%. PC1 was comprised of a mix of host and 387 Symbiodinium genes (Table 2) , while the second PC consisted mainly of Symbiodinium PTGs. 388 There was some degree of partitioning by SO within each TT, though still some overlap. Clearly, 389 the effect of TT on the molecular physiology of S. hystrix was greater than that due to SO. 390 391 Figure 3 . Discriminant and MDS analysis of the SHSTTE dataset. JMP's DA function was 392 used to test for the effect of temperature x time (a), temperature alone (b), and time alone (c), and 393 4 of the 24 total samples were omitted due to missing data points (see Figure 1. ); therefore, 394 Roy's max root, rather than Wilk's lambda, was calculated to test for a significant interaction 395 effect in (a). In (a), the C12 and H12 centroids (black circles; 95% confidence intervals for these 396 and all centroids presented herein) lie within the H48 (blue circle) centroid and have been 397 labeled with red lines. In (b), the high and control TT centroids are red with white lining and 398 white only, respectively. In (a-c), not all axes have been presented or labeled due to spatial 399 constraints in the panels themselves. MDS analysis of the same 20 samples with PRIMER (d). In 400 this panel only, circles were drawn by hand and do not represent 95% confidence centroids. The 401 legend for all four panels lies in the lower-right corner of (d). control temp.=C. high temp.=H. 402 *p<0.05. Table 2 . Summary of comparisons and major findings. Dominant loading factors and canonical correlations are only included in the right-most column when the respective technique resulted in good partitioning of the data. "Symbiodinium molecular response" includes the GCP + 6 mRNAs for all comparisons except for PCA of the SHVTS, in which case the RBCL protein was also included. In certain cases, Wilk's lambda or comparable MANOVA-based statistics could not be calculated due to having a large number of response variables relative to observations. Only when the Symbiodinium data were included could temporal partitioning be achieved in the SHSTTE; in contrast, data from the eight host coral genes were required to separate samples by TT and SO x TT in the SHVTS. *statistically significant observation. When p-values approached significance (α=0.05), the exact values have been included. NA=not applicable.
Comparison-method . In (c), the cplap2 axis is below the ezrin one and is unlabeled. Likewise, the trp1 417 and actb axes are overlapping. d) The six photosynthesis parameters only. The legend for all 418 panels is located in (c).
420
In order to reduce the complexity of the dataset, PCA was also conducted only with the 421 eight Symbiodinium molecular response variables: the GCP, the six mRNAs, and the RBCL 422 protein (Figure 5b ). It is clear that samples of the two TT, stable and variable, could be 423 distinguished by PC1 (51.9%), which was dominated by the PTGs in terms of highest positive 424 eigenvector loading factor scores ( Table 2 ). The stable TT samples tended to cluster together, 425 with the six variable TT samples showing greater variability and spread throughout the dataspace. 426 Furthermore, the HWN variable TT samples showed greater dispersal than did the HBH ones. 427 The Symbiodinium GCP was the most significant contributor to the second PC (18.7%); this 428 indicates that Symbiodinium PTG expression was negatively correlated with Symbiodinium 429 density, as was also the case in the SHSTTE. When looking at individual correlations of PTG 499 Discussion 500 501
This represents the first work to exploit MSA for assessing molecular and physiological 502 response variables spanning both compartments of an endosymbiotic organism, and the 503 conceptual framework for doing so will ideally be of use to others interested in understanding 504 how dual-compartmental organisms respond to changes in their environment. As mentioned 505 above, corals of Southern Taiwan have proven to be resilient to a number of laboratory-induced 506 environmental challenges, and MSA confirmed this univariate ANOVA-based observation for 507 samples of the SHSTTE; specifically, there was no evident separation of samples between 508 control and high temperatures. This leaves at least two hypotheses remaining: 1) the corals were 509 truly unstressed upon a short-term exposure to 30°C or 2) non-responsive parameters were 510 chosen. Given the well-documented photoinhibition that occurs when Symbiodinium are exposed 511 to elevated temperatures (e.g., Jones et al., 1998) , it seems likely that at least several PTGs 512 should have undergone changes in mRNA expression. However, a recent work (Mayfield et al., 513 in review) found virtually no congruency between gene and protein expression in S. hystrix or its 514 endosymbiotic dinoflagellate populations. Therefore, it could be that the respective 515 photosynthesis-and stress-targeted proteins indeed underwent changes in expression upon 516 exposure to 30°C for 48 hr. Future work should, then, attempt to characterize the proteomes of 517 pocilloporids, and other reef corals, exposed to theoretically stress-inducing temperatures to 518 uncover the sub-cellular basis of the stress or acclimation response, whichever the case may be. 519 520
Despite the absence of a multivariate TT effect in the SHSTTE, there were some notable 521 temporal differences, particularly when looking at the corals sampled after 6 hr of treatment 522 exposure; when using DA, a mix of biological composition, host gene expression, and 523 Symbiodinium gene expression data best separated the 6-hr samples from the others, and both 524 DA and JMP's predictor screening function found the protein/DNA ratio to account significantly 525 for this temporal difference. Indeed, the protein/DNA ratio was found previously to be 526 temporally variable in these samples ). Furthermore, negative correlations 527 between two Symbiodinium genes (the STG apx1 and the PTG pgpase) and two host coral genes 528 (the CTG ezrin and the OTG trcc) genes were found to partition samples of the 6-hr time from 529 those of the 24-hr time (i.e., the two groups that were most distinct from one another); none of 530 these genes were found to be temporally variable in expression by univariate repeated measures 531 ANOVA , demonstrating the utility of MSA in defining combinations of 532 response variables that best explain patterns within a dataset. 533 534
From the DA, MDS, and, albeit less so, PCA, it is clear that corals of the four sampling 535 times possessed unique gene expression+biological composition signatures, and this temporal 536 change in the molecular phenotype of these samples may be related to the complex, dual-537 compartmental metabolism displayed by organisms, such as reef-building corals, that have 538 acquired the capacity for photosynthesis via symbiosis (Mayfield & Gates, 2007; Mayfield et al., 539 2014b) . Specifically, coral metabolism is temporally variable due to the periodic nature of light-540 driven photosynthesis (Mayfield et al., 2010 (Mayfield et al., , 2014b , and metabolic hysteresis driven by 541 dinoflagellate photosynthesis as a function of the light cycle surely contributed to the temporal 542 variation observed in the SHSTTE. Circadian rhythm may also have accounted, in part, for the 543 separation of the 6-and 24-hr samples in the SHSTTE. The former were collected at 13:45, and, 544 while stable, artificial light was used in this experiment, it is possible that the temporal gene 545 expression signatures were driven by an entrained response to high light levels that would 546 normally be experienced at such times. The 12, 24, and 48-hr sampling times corresponded to 547 19:30, 7:30, and 7:30, respectively, times at which light levels would be relatively low in situ. 548 However, the experimental corals had been reared under non-fluctuating, artificial light (12:12hr 549 light-dark) for nearly one month at the time of sampling (including the pre-experimental 550 acclimation period), and circadian rhythm can be abolished within two days of changing the light 551 regime in endosymbiotic anthozoans (Mayfield et al., 2014b) . Therefore, other factors besides 552 metabolic hysteresis due to photosynthesis and circadian rhythm may have accounted for the 553 unique molecular phenotype of corals sampled after 6 hr. 554 555
All MSA documented TT, and oftentimes SO, differences in the SHVTS. This is 556 unsurprising given the distinct PTG expression profiles between stable and variable TT samples 557 documented by Mayfield et al. (2012a) . Despite such PTG expression variation, the host coral 558 parameters were actually more likely to partition samples by TT in the SHVTS; this contrasts 559 with the SHSTTE, in which the Symbiodinium response variables were relatively more important 560 in the separation of samples across the dataspace. However, the predominant experimental factor 561 leading to sample partitioning in the SHSTTE was time, rather than temperature. As 562 Symbiodinium gene expression, and physiology in general, is known to be highly dynamic 563 (Mayfield et al., 2014b) , this finding was not unexpected. Importantly though, the fact that the 564 Symbiodinium response variables more significantly contributed to temporal variation in the 565 SHSTTE, while host coral parameters led to a relatively greater partitioning of samples by TT in 566 the SHVTS, emphasizes that notion put forth by Mayfield et al. (2014c) that it is important to 567 consider both compartments of the coral-Symbiodinium endosymbiosis when attempting to gauge 568 the molecular physiological response of the composite holobiont to environmental change. 569 570
When performing PCA on the Symbiodinium molecular response only, the HWN variable 571 TT samples showed greater dispersal than did the HBH ones. This could be because these HWN 572 corals had never before experienced such variable temperature profiles in situ; as such, the 573 variability in their response to fluctuating temperatures could be hypothesized to be greater than 574 that of corals of HBH, which do routinely experience upwelling. Likewise, when looking at the 575 MDS plot of the SHVTS dataset, the spread of the variable TT samples was greater than that of 576 the stable ones, and a similar explanation could account for this observation. Indeed, variability 577 in the physiological response to an environmental change has been predicted to be important in 578 gauging marine animal health (Clarke & Warwick, 1994) . 579 580
Curiously, though, the HBH samples exposed to variable temperatures showed a greater 581 diversity in their molecular physiological response in the MDS plot than those of HWN exposed 582 to this profile, in contrast to what was observed with PCA for the Symbiodinium response only. 583 This variable reaction of HBH samples exposed to fluctuating temperatures may be due to 584 differential acclimation strategies between the original colonies, which may have been from 585 different micro-habitats within the HBH reef system. Although an effort was made to collect 586 colonies at similar depths in a reasonably small area (~10-100 m of each other; Mayfield et al., 587 2012a), it is possible that the light environment in situ, for instance, may have differed between 588 the colonies used to make the nubbins. Nubbins from the six colonies from HBH were mixed in a 589 seawater table and randomly assigned to each TT. Therefore, the HBH-var MDS outlier may 590 have represented a nubbin from a colony that experienced a different abiotic environment in situ
